The measurements of the ground state rotational spectra of CH3CH2C 15 N and CH3CD2CN were extended to calculate the centrifugal distortion coefficients Dj , DJK and DK • The rotation-torsionvibration interaction for these molecules including the normal species CH3CH2CN was studied in the rotational spectra of the first excited state of the methyl torsion and the CCN-in plane deformation. With respect to previous work a more detailed check of a model with five degrees of freedom comprising the overall rotation and the two lowest vibrations was possible.
Introduction
In a series of papers [1] [2] [3] [4] [5] [6] we reported our investigation of rotation-torsion-Vibration-(RTV)-interaction in asymmetric top molecules with a methyl group as internal rotor. The general aim is to study the cases in which the rigid frame-rigid top (RFRT) model 7 ' 8 is sufficient to evaluate the parameters for internal rotation or torsion and those in which a more extended RTV-model 3 should be used.
The RTV-model differs from the RFRT-model by one additional vibrational degree of freedom. The main reason of the failure of RFRT-model is an interaction among torsional and vibrational levels depending partly on their energy differences. It should be pointed out that this interaction is present not only in molecules of the type CH2FCOCH3 (CH3-torsion and CH2F-torsion) 9 , CH3SSCD3 (CH3-toision and SS-torsion) 6 or CH2C1C0CH3 (CH3-torsion and CH2Cl-torsion) 10 , where this interaction still exists in the limit of harmonic force field. It has also to be considered in molecules such as CH3SCN 5 . Here an interaction by higher than second order force constants between the CH3-torsion and an CSC-in plane deformation vibration is observed.
Further more a detailed study of the RTV-Hamiltonian (2) (see below) reveals that "Coriolis"-tvpe and more complicated interactions are included.
Up to now we applied the RTV-model to the molecules: CH3SCN 2 -5 , CH3CH2CN 4 , CH3COCN 11 and CH3SSCD3 6 . These molecules cover a range of hindering potentials from 1.2 to 3kcal/mole and a range of energy differences of the interacting torsional and vibrational levels from 4 to 50 cm -1 . The present study of the molecules CH3CH2CN, CH3CD2CN and CH3CH2C 15 N was initiated by the observation that the isotopic substitution varies the energy difference of the CH3-torsion and the CCNin plane deformation levels from approximately 4 cm -1 to 6 cm -1 and 8 cm -1 respectively. The rotational spectra should reflect these changes and provide a critical check of the applied Hamiltonian (2) . We noticed in the preceding studies that a detailed knowledge of the vibrational spectrum and specially of the vibrational mode is important. Therefore, a very detailed study of the infrared and Raman spectra and a normal coordinate analysis of several isotopic species of CH3CH2CN was made, which will be published separately 12 .
Experimental
The preparation of the samples of the isotopic species of ethyl cyanide was performed by a modified Kolbe reaction using the corresponding isotopic ethyl iodides and NaCN or KC 15 N. The details of the preparation have been described elsewhere 4 .
The microwave spectra were recorded with conventional 33 and 100 kHz Stark-modulation spectrographs 13 ' 14 employing phase stabilized BWO'S as radiation sources. The spectrographs were equipped with a 4.5 or 8 m absorption cell covered with a cooling jacket. The measurements were carried out at a sample pressure of some mTorr and a temperature of approximately -70 °C.
For the assignment of the rotational transitions in the first excited state of the torsion and of the CCN-in plane deformation vibration radiofrequencymicrowave double resonance (RF-MW-DR) experiments were carried out. The experimental set up is reported elsewhere 15 (for pump frequencies above 2.3 GHz the Rohde & Schwarz oscillator SLRC was used with amplitude modulation). In a preceding study of /^-transitions the B and C rotational constants were determined and the A constant estimated quite accurately. Then it was possible to calculate appropriate RF-pump frequencies first for the Jk k+ -Jk'-K'+ = 312 -313 pump transitions.
The signal /^-transition, 303 -312 , in the excited states of the isotopic molecules CH3CD2CN and CH3CH2C 15 N could be assigned without difficulty. These transitions were the key to the /vspectra. For a demonstration of the simplicity of the RF-MW-DRspectra a comparison with a Stark-modulated spectrum is given in Figure 1 . In cases of overlapping due to other lines or Stark-satellites these experiments provided an important support to both measurement and assignment of the rotational transitions.
The spectra measured and/or analysed are given for the states indicated by the torsional and the vibrational quantum numbers v a v Q as follows: In Table 7 some frequencies are given for the RF-MW-DR experiments. 
Analysis of Spectra

Ground State
The ground state spectra have been analysed in a preceding publication 16 . The restructure of Table 11 , Ref. 16 was used with some modifications for the RTV-model.
In addition a centrifugal distortion analysis was carried out according to the following expression for the rotational energy EJ K K+ for a near prolate top:
with EJ K K+ rigid rotor energy, Dj, D JK , D K centrifugal distortion parameters, (Pa n ) expectation value of the operator Pa n in the rotational state JK-K+-The results are given in Table 8 . The calculated frequencies are compared with the measured ones in Tables 1 and 4 .
Excited States
Before applying the RTV-model the excited state spectra (A-species) have been checked for consis- tency of measurements and assignment by a centrifugal distortion analysis according to Equation (1) . The resulting parameters are given in Table 8 . Dx was set to zero as only transitions with max ) =1 were measured. The errors of this analysis are shown in Tables 2, 3, 5, 6 and Tables 12 and 13 of Reference 4 . Figure 2 shows some typical sections of the rotational spectrum of CH3CH2C 15 N. The most important features of the spectrum to be interpreted are the splittings of the excited states v n v Q = 01 and 10. As the ground state lines v a v fJ = 00 are not split, it should be noticed that the v a v q = 0\ lines are doublets (v a = 0\). Their splittings vary considerably with the isotopic species, depending on the energy difference of the CH3-torsional and CCN-in plane deformation vibrational levels. 1 and v a Vq. The torsional line splittings (MHz) are given in circles. 
Hamiltonian
The RTV-model is described in an "Eckart-system" by the following Hamiltonian (2) for a molecule with a symmetry plane (y, z) and an in plane vibration. A detailed discussion is given in 4 . There are implied two basic assumptions:
I. The internal rotor has at least C3-symmetry about its internal rotation axis. II. The configuration of the internal rotor is not affected by the vibration. The Hamiltonian of the RTY-model is: and 01, DK was set to zero. In brackets standard errors of the fit. The term W(q) arises from the translation of the classical to the quantum mechanical Hamiltonian. The potential energy in H (2) contains a three-and sixfold term for the pure torsion (V 3 , V 6 ), harmonic, cubic and quartic force constants for the vibration (k 2q , k 3q , k iq ) and two potential coupling terms, V$c and Vsc, for torsion-vibration interaction. These potential coupling terms represent cubic and quartic force constants in the limit of small amplitudes of the torsional angle.
F(q) = (h/8^)/rI a M(q) = {h/ln^/G-
Kinetic Coefficients
For the numerical treatment of the Hamiltonian (2) the (/-dependent coefficients of its kinetic part are expanded in power series of q up to second order.
with Y for A, B, C, D yz ,Q y ,Q z ,F,M and W. The expansion coefficients in (3) are molecular constants depending on atomic masses, molecular structure and vibrational mode. Higher order expansion coefficients have been found to be negligible.
From a normal coordinate analysis 12 we determined the vibrational mode as given in Table 9 and shown in Figure 3 . Using this mode together with the restructure (Table 11 of Ref. 16 ), which was modified to obtain a C3-symmetric CH3-group, rc_H = 1.091 Ä, <£HCC = 110.47° and the atomic masses 18 the kinetic coefficients (3) of the Hamiltonian (2) were calculated *. They are given in Table 10 . The transformation from the instantaneous principal axis system to the "Eckartsystem" was performed by using Eq. (53) 
with # angle between the instantaneous principal axis system and the "Eckart-system", lxx moment of inertia, both calculated in the instantaneous principal axis system. For the calculation of the coefficients (3) a fifth order polynomial was least squares fitted to 11 points. These points are given by the deformation of the molecule according to the mode (Table 9) 
Potential Coefficients
For the potential coefficients of the Hamiltonian (2) the following procedure was applied. The force constant k2q * was determined from the measured CCN-in plane deformation frequencies of terms with the coefficients M', M", F', F", W' and W do not influence the energy of the vibrational level Vq = 1 by more than 0.1 cm -1 , a value which is less than the experimental error. Neither do the values of the potential coefficients V 3c and V % c shift the energy of the vibrational level v q = 1 by more than 0.1 cm -1 if they are in the order of the final result (see Table 15 ). The higher order force constants k^ and k iq could not be determined reliably from the vibrational spectra and were assumed to be zero. Thus the pure vibrational part of the Hamiltonian (2) reduces to ^ = 1 Mo p2 + 1 ^ q2 (5) with k 2q -w 2 /M°. With all other coefficients of the Hamiltonian (2) determined as described above the potential parameters V 3 , V 6 , V 3c and F3c remain to be calculated from the experimental data.
We used the A -E-splittings of transitions up to J = 4* of CH3CHXN, CH3CD2CN and CH3CH2C 15 N (Table 12, CH3CH2CN, CH3CD2CN and CH3CH2C 15 N simultaneously. It should be mentioned that Vsc is correlated to V 3 as can be seen from the correlation coefficients of Table 16 . The observed and calculated Tables 12 -14. Table 15 gives also a comparison with the preceding work based on the RTV-4 and RFRT-model 19 ' 20 . Figure 4 demonstrates the stability of the least squares fit.
Model calculations were performed for potential parameters considering a value for V3c which was opposite in sign to the value of Table 15 . We did not find any hint for another reasonable minimum in the least squares fit.
Numerical Procedure
The numerical calculations were performed according to the flow diagram of Fig. 3, Reference 3 . The basis set of free rotor functions was limited by i m I max = 24 (25) for the A (E) species. Torsional functions U Vxa (a) up to v a = 6 and vibrational functions H Vq {q) up to v Q = 5 were used for the torsion-vibration problem. The complete rotationtorsion-vibration Hamiltonian was set up with 18 torsion-vibration functions 0i;aöu9(a, g) up to v a + v q = 5. So the splittings could be calculated* with an accuracy of approximately 10 kHz using double word precision of the PDP10.
Discussion
As it can be seen from Table 15 the results of different publications dot not agree in the range of experimental errors. The experimental information was much less intensive in the compared publications 4 ' lft ' 20 . We believe that the measurements of //^-transitions in the excited states are necessary for an analysis of this kind. The knowledge of the vibrational spectra is essential for the RTV-model. Furthermore the methods of analysis differed by the applied Hamiltonian 19 ' 20 or by numerical values of coefficients 4 .
Using the set of parameters of Table 15 the RTVmodel reproduces the torsional frequencies 12 reasonably well as shown in Table 17 .
For this comparison CD3CH2CN was included. (The torsional fine structure of the rotational spectrum of this molecule could not be resolved. Thus it could not be included in the RTV-analysis.)
It should be pointed out that the fit of the splittings of the rotational transitions is quite good, but the frequencies of the corresponding transitions are badly reproduced. An indication of this problem is given in Table 18 , where experimental and calculated rotational constants are compared. We believe that these changes cannot be related to the change of Ia alone. In conclusion, a precise structure is necessary for an analysis of this kind.
To estimate the influence of the vibrational mode, the modified restructure was used and the mode Although A CCC was changed by more than the influence on the splittings is smaller than 4%. This seems favourable since the accuracy of the determination of the mode is inferior to that of the structure. To test the influence of the CCN-in plane vibration the frequency was altered within the experimental accuracy from 206.8 cm -1 to 206.5 cm -1 for CHgCHoCN. The modified restructure and the mode of Table 9 was used. The change of the representative line splittings are:
(Ooo -In) 01 -0.86MHz. (Ooo-ln) 10 2.64MHz (221 -322) 10 7.07 MHz According to our general experience 4 the splittings of //^-transitions change more sensibly than those of /^-transitions. We believe that neither reasonable changes in the structure nor in the mode or the CCN-in plane vibrational frequency can remove the still existing discrepancy in the calculation of the frequencies (not the splittings) of the rotational transitions. For illustration Fig. 5 gives the potential surface of the RTV- model as determined in this work. A consequence of the potential coupling {Vsc) is that the minimum energy path for the internal rotation is curvilinear in the a, q plane. By this picture the RTV-model is related to the re-relaxation method 21 where the minimum energy path is introduced parametrically. Thus the number of degrees of freedom (three rotational and one torsional) is maintained in the re-relaxation method.
Finally Ave want to stress that the analysis of torsional fine structures of rotational spectra in excited torsional states should be made with great care. If there is a low lying vibrational energy level, RTVinteraction ought to be considered. It was shown in this work, that the RTV-model interprets the three lowest states va vq reasonably well for three isotopic forms of CH3CH0CN.
Whenever possible the hindering potential V:i should be determined from the torsional fine structure of the ground state. In principle the RTV-model is a first step from the RFRT-model to a general treatment 22 ' 23 . With the available experimental data and a reasonable use of present computers a general treatment of a model with 3 N -6 internal degrees of freedom seems out of sight.
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